A novel analytical method, using gas chromatography -electron capture detection (GC-ECD) and GC-mass spectrometry detection (MS), was developed for the qualitative and quantitative measurement of pentachlorophenol in meat and fish. The analyte was extracted by methanol-2% trichloroacetic acid (3/1, v/v) with accelerated solvent extraction (ASE). The eluted fraction was evaporated and derivatized with acetic anhydride -pyridine (1/1, v/v) for GC-ECD analysis and GC-MS confirmation. The parameters for extraction pressure, temperature and cycle of ASE, cleanup, derivatization and analysis procedure were optimized. The averaged decision limits and detection capability of the method were in the ranges of 0.25-0.41 and 0.49-1.01 mg/kg in the muscle and liver of swine and bovine and in the muscle of carp and finless eel, respectively. Spiked recoveries from levels of 0.5 -2.0 mg/kg were found to be more than 71.1%, with relative standard deviation less than 14.7% in GC-ECD and GC-MS. This rapid and reliable method can be used for the characterization and quantification of residues of pentachlorophenol in animal and fish tissues.
Introduction
Pentachlorophenol is an organochlorine compound, which is a white needle-like crystal. The solubility of pentachlorophenol (PCP) is 35 mg/L in water at 508C; it is soluble in ether, alcohol and benzene. PCP has been used as an herbicide, algaecide, defoliant, wood preservative, germicide, fungicide and molluskacide (1) . Currently, the regulatory status of PCP varies among countries. PCP is registered in the US as a "restricted use" pesticide, for use only as a wood preservative (1) . The use of PCP has ceased in Austria, India, Indonesia, New Zealand, Sweden, Switzerland and Germany at different times between 1978 and 1991 and its use has been restricted in the European Union and Belize. Pentachlorophenol and its sodium salt play a large role in killing viviparids in schistosomiasis preventative medicine, but its misuse easily leads to residues of PCP and its sodium salt in water, animals and fish. In China, PCP and its sodium salt are banned for use in animal husbandry and aquatic animals (2) .
At present, there are few reports about testing the residues of PCP and sodium pentachlorophenoxide in animal tissues and fish. Some methods such as gas chromatography with mass spectrometry (GC -MS) have been published for PCP in soil (3 -4) , water (5 -7), fish (8 -9) , milk (10 -11) , chicken liver (12) and other matrixes (13 -15) . Borsetti (10) reported an analytical method for milk that employed a hexane-2-propanol extraction, base partition and wash, reacidification, and extraction with hexane; for blood, PCP was extracted from the acidified solution with hexane. PCP was determined by gas-liquid chromatography. The limits of quantitation were 4 mg/kg for milk and 10 mg/kg for blood.
Sample pretreatment is always a key element in residue analysis, especially when many samples are involved. Accelerated solvent extraction (ASE) is a sample preparation method, which takes advantage of the increasing solubility of analytes at elevated temperatures and pressure; under such conditions, it also increases the diffusion rate and decreases the viscosity and surface tension, so that the kinetic processes are accelerated for analytes desorbing from the matrix. ASE combines the benefits of high throughput, automation and favorable environmental impact due to the low solvent consumption, compared to conventional extraction techniques (16) (17) . However, few published methods have focused on the rapid extraction of PCP. Saito et al. (18) developed an analytical method using ASE and gel permeation chromatography for measuring persistent organohalogen compounds in adipose and organ tissue analysis. In this method, 59 different persistent organohalogen compounds, such as polybrominated diphenyl ethers (PBDEs), polychlorinated naphthalenes (PCNs), polychlorinated biphenyls (PCBs), PCB metabolites and organochlorine pesticides (OCPs) in biological organ tissues were analyzed by GC-MS without PCP.
The objective of this work is to develop a rapid and accurate ASE method for the GC -electron capture detection (ECD) analysis of residues of PCP in the muscle and liver of swine and in skin and muscle of fish and to develop a confirmation method using GC-MS. The optimization of ASE was conducted by varying extraction parameters such as extraction solvents, temperature, pressure and cycle times. This newly developed method was applied to real tissue samples.
Experimental
Standards and materials PCP was purchased from Hope Biotechnology (Qingdao, China). A PCP stock standard solution was prepared in hexane at a concentration of 1 mg/mL and stored at -208C. A working standard solution (100 mg/L) was prepared by the dilution of stock standards in hexane. Hexane, acetic anhydride, pyridine and methanol were chromatographically pure grade. Water used in all experiments was purified on a Milli-Q system from Millipore (Bedford, MA). Sodium hydroxide (NaOH), hydrochloric acid (HCl), potassium carbonate, cyclohexane, ethyl acetate, trichloroacetic acid, sodium sulfate (Na 2 SO 4 ) and formic acid were analytical grade and supplied from Beijing Agela Technologies (Beijing, China). NaOH solvent (1 mol/L) was prepared by mixing 4.0 g of NaOH in 100 mL of water; 2.4 mol/L of HCl was prepared by diluting 20 mL of concentrated HCl to 100 mL with water. The derivatization reagent was prepared by mixing 10 mL of acetic anhydride in 10 mL of pyridine. A 0.2 M potassium carbonate solvent was prepared by mixing 27.6 g of potassium carbonate in 1 L of purified water. Kieselguhr (40 mesh) was from Dionex (Sunnyvale, CA). Oasis HLB solid-phase extraction (SPE) columns (6 mL, 300 mg) were purchased from WatersChina Technologies (Shanghai, China). C18 SPE cartridges (100 mg, 3 mL) were purchased from Varian (Harbour City, CA). A TGL-16 M centrifuge (Xiangyi Centrifuge Co., Hunan, China) was used in sample treatment.
Blank sample
The muscle, liver and kidney samples of swine and bovine were purchased from a local market, homogenized in a high-speed food blender and stored at below -208C until the time of analysis. The carp and finless eel were purchased from a local supermarket. After they were homogenized (muscle and skin) in a high-speed food blender, the tissue samples were stored at below -208C. Sub-samples of approximately 5.0 g were fortified with the correct amount of PCP standard solution and held for 1 h before extraction.
Sample preparation
Accelerated solvent extraction ASE of the sample was performed on a Dionex ASE 200. A 5.0 g sub-sample of tissue was gently blended with 10.0 g of kieselguhr (40 mesh) for 5 min by hand, using a glass stick to obtain a uniform mixture. It was packed in a 22 mL stainless steel extraction cell. Each cell was locked with a stainless steel screw cap equipped with a Teflon O-ring sealing, and a circular glass microfiber filter of 1.98 cm diameter (Dionex) was placed above and below the packing. Optimized extraction conditions were obtained by sequentially varying one experimental parameter while all other parameters remained fixed. Final conditions used in the extraction for PCP were as follows: the composition of the extraction solvent was methanol -2% trichloroacetic acid (3/1, v/v), the extraction temperature was 1108C, the heating time was 10 min, the number of ASE cycles (static) was one cycle and the applied pressure was 1,500 psi. The flush volume was kept constant at 60% of the cell. The final solution (including ASE solution and flushing solution) after cooling was transferred to a round bottomed flask. Finally, each resulting extract was evaporated to 3 -4 mL of solvent, left under vacuum distillation. The residue was adjusted to pH 3.0 by 1 mol/L of NaOH solution for SPE cleanup.
Cleanup by SPE
The extracted solution was cleaned up by offline SPE on an Oasis HLB cartridge. The SPE column (60 mg, 3 mL; Waters) was preconditioned with methanol (3 mL) and water (3 mL). All flow rates for conditioning and washing were set at 1 mL/min. the previously obtained solution was passed through the column. The column was washed with 5% formic acid solvent (6 mL) and dried by purging air at the rate of 10 mL/min. The analytes were eluted with methanol solvent (6 mL) and evaporated to dryness under a stream of nitrogen at 458C.
Derivatization for GC -ECD or GC-MS analysis
The previously obtained residues were added to 1.0 mL cyclohexane -ethyl acetate (v/v, 4:1) and 100 mL of derivatization reagent, and vortex blended for 1 min. The capsule was screwed closed and reaction was initiated for 15 min under the temperature 608C. After cooling, 0.2 mol/L of 0.5 mL potassium carbonate solvent were added and the mixture was vortex blended for 1 min. After standing and layering, the organic phase was removed and analyzed by GC -ECD and GC -MS.
GC-ECD conditions
The GC -ECD analysis was performed on a Shimadzu-2010 gas chromatograph equipped with a Shimadzu AOC-20s automatic sampler coupled to a Shimadzu electron capture detector. The capillary GC analysis was performed on an Rtx-5 capillary column (30 m Â 0.25 mm i.d., 0.25 mm; 5% diphenyl, 95% dimethylpolysiloxane) with nitrogen as the carrier gas. GC conditions were: initial temperature at 1408C (2 min), increased at a rate of 108C/min to 2008C, then increased at 158C/min to 2808C, with the final temperature held for 3 min; column flow rate at 1.0 mL/min and carrier gas (N 2 ) flow rate of 30.0 ml/min. The injection temperature was 2508C with splitless mode and ECD temperature was 3008C.
GC-MS conditions
Confirmatory analysis was performed on a Shimadzu-QP 2010 gas chromatograph with a mass selective ion detector and a fused-silica capillary column (DB-5MS 5% phenyl, 95% dimethylpolysiloxane; 30 m Â 0.25 mm i.d., film thickness of 0.25 mm). GC was performed under the following conditions: initial temperature of 1408C (2 min), increased at a rate of 108C/min to 2008C, then increased at 158C/min to 2808C, with final temperature held for 3 min; injector temperature, 2508C; carrier gas, He operated in the splitless mode; purge off time, 1 min; injection size, 1 mL; GC-MS transfer line, 2808C. MS conditions: solvent delay, 5 min; electron impact ionization voltage, 70 eV; scan rate, 1.5 scan/s; scanned-mass fragment m/z 308, 266, 237, 165 and 130 for pentachlorophenyl acetate (PCP-Ac).
Validation procedure
The optimized analytical method was validated according to Decision 2002/657/EC under Council Directive 96/23/EC (19) . Specificity, linearity, limits of detection (LODs), limits of quantification (LOQs), recovery and precision were determined for the method. The specificity of the method was demonstrated by testing all available matrices. Blank samples from 30 different subjects were studied in the present test with identical concentrations of PCP spiked at 1 mg/kg. The results were evaluated by the presence of interfering substances around the retention time of PCP. For GC -ECD calibration purposes, linearity was established through a calibration curve obtained by triplicate analysis of PCP at five concentration levels (1.0, 2.0, 5.0, 10.0 and 20.0 mg/kg) in the matrix. After extraction and cleanup, each solution was hydrolyzed and derivatized according to the previously described procedure. For GC -MS, the linearity was 0.5, 1.0, 2.0, 5.0 and 10.0 mg/kg. For the sensitivity of PCP, the averaged decision limit (CCa) was established by using the following steps: 20 blank samples of each matrix were analyzed and the signal-to-noise ratio (S/N) was calculated at the time window in which the analyte is expected. CCa values were defined as three times the S/N. The detection capability (CCb) is the concentration at which the method is able to detect truly contaminated samples with a statistical certainty of 1 2 b. CCb was calculated by analyzing 20 blank samples spiked with the concentration at CCa, and the CCa value plus 1.64 times the corresponding standard deviation is equal to CCb (b ¼ 5%). Recovery values were measured in blank tissue samples that were spiked at the levels of 1.0, 2.0 and 4.0 mg/kg by GC -ECD and 0.5, 1.0 and 2.0 mg/kg by GC -MS. The recovery values were calculated by comparing peak areas of measured and spiked concentrations. Samples were spiked with PCP at three concentration levels, as described previously, with six replicates at each level. All were analyzed on the same day with the same instrument and operator. At each concentration, the mean and relative standard deviation (RSD) were calculated as repeatability. Samples were analyzed on three separate days with the same instrument and operator. At each level, the overall mean and RSD were calculated as reproducibility.
Results and Discussion

Optimization of ASE conditions
It is difficult to extract PCP in an intricate matrix with a conventional liquid -liquid extraction method because it belongs to a kind of small molecular compound. This research focused on PCP released from tissue and simultaneously extracted by an ASE technique, which can improve the dissolving ability of analytes and analytically accelerating analytes from the matrix. If the moisture content of the sample is high, it is better not to use anhydrous sodium sulfate to dry it because it can easily jam a catheter, which will cause trouble with cleaning. Kieselguhr can take the place of anhydrous sodium sulfate.
The initial extraction solvents of the residues of PCP were polar solvents such as methanol and acetonitrile, alkaline or acid solvents. Because sodium pentachlorophenate (Na-PCP) can be turned into PCP under acid conditions, PCP is easily soluble in n-hexane (20), ethyl acetate (5) and methanol (12) solvents. Trichloroacetic acid (TCA), an ideal depositing protein reagent, can change Na-PCP into PCP because n-hexane and ethyl acetate in aqueous phase are easily emulsified (20) . A wide range of conditions was tested for the ratio of methanol and 2% TCA: temperature, pressure, extraction time and number of extraction cycles. Parameters were optimized one by one, and the results of earlier tests were always used to evaluate the next extraction conditions for optimization.
To obtain a compromised optimum solvent ratio for extraction (spiked concentration was 20 mg/kg), experiments were conducted with the ratio of methanol and 2% TCA (v/v) continuously varied from 1:1, 2:1, 3:1 to 4:1. The results (Table I) showed that the best extraction for PCP was obtained when methanol and 2% TCA (v/v) was at a ratio of 3:1 (v/v). In ASE, pressure is another important parameter that may influence compound recovery. The pressure was investigated ranging from 500 to 2,000 psi in this study. It was found that better recovery was obtained at 1,500 psi ( Figure 1A ). This is considerably higher than the minimum pressure to keep the solvent liquid. The extraction was tested at different temperatures ranging from 60 to 1208C. As temperature increased, interactions between analytes and matrix components were weakened, and viscosity and surface tension decreased. Extraction efficiency was optimized at 1108C ( Figure 1B) , with recovery values between 79 and 94%.
To optimize the number of cycles, three consecutive extractions of analytes were made from the same sample. Significant amounts of the analytes were found in the second extract, but the recoveries for both compounds were considered to be negligible in the second cycle. To save solvent and time, one extraction cycle was used, which allowed fresh solvent to be introduced.
To optimize the number of cycles, three consecutive extractions of analytes were made from the same sample. Significant amounts of the analytes were found in the second extract, but the recovery values for both compounds were considered to be negligible in the second cycle. To save solvent and time, one extraction cycle was used, which allowed fresh solvent to be introduced.
Optimization of SPE cleanup procedure
Biological sample matrices, especially edible animal tissues, are complex and often contain elements that can interfere with the compounds; therefore, direct analysis may not always be possible. Moreover, analyte concentrations are generally low in these samples, and it is usually necessary to purify and concentrate the analytes before analysis. The utilization of solidphase cartridges greatly simplifies the pre-workup process.
In the present work, to eliminate interferences from the matrix, C18 and Oasis HLB cartridges were tested for the cleanup of tissue samples. Poor recovery, repeatability and reproducibility were obtained cleaning up with generic C18 cartridges (recovery less than 70%). The Oasis HLB, made of hydrophilic copolymer with a balanced ratio of two monomers, was chosen to clean up the tissue samples. The recovery obtained for PCP was above 80%. Therefore, HLB cartridges were selected because of their higher recovery for the cleanup of PCP. Different washing and eluting agents were used to improve the cleanup efficiency; namely, 6 mL of formic acid solvent (5%) for washing and 6 mL of methanol for elution, which resulted in excellent cleanup and separation.
Optimization of derivatization procedure
Because PCP has high polarity and low vapor pressure, it is difficult to directly vaporize by GC. Therefore, PCP can be derivatized by acetic anhydride, diazomethane, iodomethane, pentafluorobenzyl or pentachlorobenzyl. With the wide varieties of derivatization reagents, numerous derivatization processes are time-consuming and need further purification, except for acetic anhydride, which can simply and rapidly change PCP into a weak polarity compound and increase its stability and volatility. Additionally, the reaction of acetylation does not influence the electron affinities of PCP, so the background interference is small. The derivation reaction is shown in Figure 2 . To select effective derivatization conditions, the reaction time and temperature of derivatization were optimized. Also, according the method of Jiang et al. for the determination of pentachlorophenol residues in fish by gas chromatography (8), a standard of PCP was derivatized at 608C for 10 -50 min and GC-ECD was used to evaluate the efficiency of derivatization. The results showed that acetic anhydride began to derivatize PCP into PCP-Ac within 15 min. There were no improvements by increasing temperature, because there was no change in the peak areas detected by GC-ECD. Therefore, all the derivatization reactions were conducted at 608C for 15 min using acetic anhydride as derivatization agent.
Method validation
The validation of specificity, linearity, LOD, LOQ, recovery and precision for the GC-ECD and GC-MS methods were determined.
The sample preparation and chromatographic conditions were optimized to guarantee that no interferences occurred at the retention times of the tested compounds. The specificity of the method was checked by analyzing different animal blank tissues and spiked tissues. Figure 3 shows the typical GC-ECD chromatograms. A, blank muscle of fish; B, spiked muscle of fish with PCP at 1.0 mg/kg. And Figure 4 shows the typical GC-MS chromatograms. A, blank muscle of swine; B, spiked muscle of swine with PCP at 0.5 mg/kg. Because the chromatograms of swine and bovine edible tissues have no significant differences, only the typical chromatograms of swine are provided. No interfering peaks could be detected at the retention time of PCP-Ac in the chromatogram of blank tissues. Therefore, good specificity was obtained in the method.
After extraction and cleanup, each solution was evaporated and derivatized according to the previously described method. The peak areas of the PCP derivative were calculated. The linearity and regression study was performed separately by spiking into each matrix. The spiked curves showed good linearity (r ¼ 0.9982-0.9999) within the tested range (GC-ECD from 1 to 20 mg/kg and GC -MS from 0.5 to 10 mg/kg), which indicates that the method can be used to determine levels of the two compounds over a wide concentration range. For GC-ECD, the CCa for PCP in meat and fish was lower than 0.41 mg/kg and CCb was lower than 1.0 mg/kg. For GC -MS, the CCa for PCP in meat and fish was lower than 0.25 mg/kg and CCb was lower than 0.49 mg/kg. Table II summarizes the sensitivity obtained for PCP in each sample.
The optimized method was further validated by applying the extraction procedure to the analysis of spiked samples. Each tissue was separately fortified with PCP at three levels (levels for GC-ECD were 1.0, 2.0 and 4.0 mg/kg and GC -MS levels were 0.5, 1.0 and 2. 0 mg/kg). Recovery and precision values (intraday, inter-day and within-laboratory analyses) were calculated from the determination of five aliquots. Table III provides an overview of the results of recovery and precision of the method for each animal and fish tissue, determined at different spiked levels. Recovery values from edible tissue samples were more than 71.1% and between-day RSDs were lower than 14.7%. From these recovery results, it is obvious that the matrix composition has a great influence on the extraction and cleanup yield.
The stability of the analytes was studied in solvent (stock solution), matrix (spiked samples at 2 mg/kg) and eluate. According to this study, the stock solution of PCP prepared in methanol and stored at -208C was stable for six months. The standard mixed working solution was stable for one month and resulting extracts were stable for one week at 48C.
Comparison of GC-ECD and GC-MS for the analysis of PCP
Spiked carp muscle and swine liver were used to compare the capability of GC-ECD and GC -MS methods. The acquisition results of GC-ECD and GC -MS were investigated for 1.0 mg/kg of spiked muscle. For GC-ECD, the effect of matrices was quite high. For GC -MS, before the analysis, the standard solutions of two compounds were derivatized and injected to the GC -MS for full scan to determine the product ions, and the eluate was injected for ions of quantification (m/z) selection. Finally, m/z 266 (100.0%), 308 (25.2%), 237 (28.6%) and 165 (44.1%) were selected as mass fragments for PCP-Ac; the relative abundance ion ratios of standards compared to blank and spiked samples are shown in Table IV . According to this calculation, the results of GC-ECD and GC-MS are consistent.
Analysis of real tissue samples
Using the previously described method, 100 swine liver samples and 100 fish muscle samples were bought from different supermarkets in the city of Wuhan (China). All samples were transferred to the laboratory, analyzed by GC -ECD with ASE and calculated. The results demonstrated that the PCP residue was in 2% of samples, which was found at the levels of 0.5 -2.9 mg/kg in samples of swine liver and fish muscle.
Conclusions
The developed GC -ECD and GC -MS methods can be used to analyze the residues of PCP in animal tissues. The present study demonstrates that ASE is a simple, fast and reliable extraction technique. Because extraction, cleanup and analysis processes are all conducted in one easy step, the method is efficient for the determination of PCP. Parameters for extraction pressure, temperature and cycle of ASE, cleanup, derivatization and analysis procedure have been optimized. The use of GC -ECD combined with GC-MS is recommended for the analysis of large numbers of tissue samples requiring ruggedness of the method. In comparison with described methods for the determination of PCP, this method is sufficiently simple, rapid and sensitive; moreover, it can determine PCP in animal or fish tissues. 
